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Three-dimensional characteristics of the mitochondria of the rat
nephron. We propose a new model for the mitochondrion of the
proximal and distal nephron. The introduction of a new block-
staining technique allowed us to observe mitochondria in thick
sections (0.5 to 1.5 m) with a standard transmission electron
microscope (80 to tOO kV). Combined with stereomicroscopy
and serial sections, the thick section offered a three-dimensional
view of the chondriome. After glutaraldehyde fixation, rat kid-
ney blocks were immersed in a double-lead and copper citrate
solution, which stained mitochondria selectively. Mitochondria
were observed to anastomose, branching was evident, and many
laterial connections were seen. In cells of both the proximal and
distal tubules, mitochondria were observed to extend into the
cytoplasm in various directions. In the apical region of both dis-
tal and proximal tubules, mitochondria appeared to be small, not
numerous, and rarely branched, which corresponds to their clas-
sical aspect. The block-staining technique thus confirms what is
generally accepted. At the basal part of these cells, however, the
spatial morphology of the chondriome appeared quite different
from the classical description. In the distal tubule, the chon-
driome often had the appearance of an irregular lamina to which
cords or pseudopods were attached that extended towards vari-
ous cytoplasmic areas. The extent of branching in the cells of the
proximal convoluted segment was more difficult to assess be-
cause of the interdigitations of neighboring cells. The chon-
driome seemed to be made of a few giant ramifying mitochondria
and isolated small ones, thus suggesting the possibility of two
populations of mitochondria in the nephron of the rat.
Caracteristiques tridimensionnelles des mitochondries du néph-
ron du rat. La récente technique de coloration sur bloc nous
permet d'étudier des coupes épaisses (0,5 a 1,5 m) a l'aide d'un
microscope électronique standard (80 a 100 kV). Combinée a Ia
coupe sériée ou a l'examen de couples photographiques, Ia
coupe épaisse permet une vue tridimensionnelle des mito-
chondries. Après fixation au glutaraldéhyde, les blocs de tissu
renal sont immergés dans une solution de citrate double de
cuivre et de plomb qui colore les mitochondries de facon élec-
tive. Les mitochondries paraissent anastomosées, de nom-
breuses branches latérales étant bien visibles. Dans les cellules
proximales et distales, les mitochondries envoient des inter-
digitations dans toutes les directions. Dans Ia region apicale des
tubules proximaux et distaux, les mitochondries semblent pe-
tites, peu nombreuses, et rarement branchées cc qui correspond
a leur aspect classique. La technique de coloration sur bloc con-
firme donc ce concept généralement accepté. Mais dans Ia partie
basale de ces mémes cellules, Ia morphologic spatiale du chon-
driome est bien différente de Ia description classique: dans Ic
tubule distal, il apparaIt comme une lame centrale gaufree irré-
guliere sur laquelle sont attchés des .'pseudopodes" qui vont
dans plusieurs directions. Le mCme type de ramification semble
exister dans Ic néphron proximal mais leur importance est plus
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difficile a évaluer a cause des interdigitations entre les cellules
voisines a cc niveau. II semble donc que Ic chondriome consiste
en quelques mitochondries géantes ramifiées et quelques petites
mitochondries isolCcs, cc qui suggère l'existence de deux popu-
lations de mitochondries dans Ic néphron du rat. Comme con-
sequence a notre étude, nous présentons une morphologic nou-
velle du chondriome des cellules tubulaires proximales et dis-
tales du néphron.
In every epithelial cell involved with active trans-
port of solutes, be it a malpighian tubule or a mam-
malian nephron, mitochondria are said to be numer-
ous and aligned along the infoldings of the basolat-
eral membranes. Because of their key function in
cell metabolism, mitochondria of the nephron have
become a classical example of the ultrastructure of
this organelle. In fact, since the early studies of Pa-
lade [1] and Sjöstrand [2], their rod-shaped, bac-
teria-like aspect was considered typical of the mito-
chondrion ultrastructure.
Examination of histologic sections thicker than
0.5 p.m was made easier by the use of high-voltage
microscopy [3—7]. More recently, the introduction
of new block-staining techniques by Thiéry et al [8-
12] made it possible to use the thick sections (0.5 to
1.5 p.m) with the standard electron microscope,
thus generalizing the use of thick sections. With the
aid of this technique and stereomicroscopy, the spa-
tial morphology of organelles can be observed. This
report proposes a new model for the mitochondrion
of the proximal and distal convoluted tubule cells of
the rat kidney; such a model might also apply to
other cells. Our data also suggest the existence of
very few mitochondria, most of large size, per cell.
Received for publication February 9, 1979
and in revised form June 4, 1979
0085-2538/80/0017-0175 $02.20
© 1980 by the International Society of Nephrology
176 Bergeron eta!
Methods
Sprague-Dawley rats, maintained on Purina pel-
lets and water ad lib, and weighing 200 to 300 g
each, were anesthetized with sodium pentobarbital
(60 mg/kg body wt Nembutal®, Abbott). The kid-
neys were washed by perfusing into the left renal
artery, at a rate of 3 mllmin, a solution of 0.9% so-
dium chloride containing sucrose (2.4%), lodicaine
(Xylocaine®, Astra) hydrochloride and heparin
(0.014%). Then they were fixed by perfusing a solu-
tion of 2.5% glutaraldehyde buffered with barbital-
acetate or cacodylate at a pH of 7.0. The perfusion
solution was composed of 0.1 M sodium barbital
(39.5 ml), 0.1 M hydrochloric acid (23.5 ml), 0.1 M
trisodium citrate (13.5 ml), 0.1 M calcium chloride
(13.5 ml), and 25% glutaraldehyde (10 ml). Total os-
molarity of this solution was about 460 mOsm. The
perfusion was continued for 2 mm, and after minc-
ing the tissue, the fixation was completed by a 30-
mm immersion in the same fixative. Pieces of tis-
sue, I-mm thick, were washed three times in freshly
boiled distilled water to rule out any trace of anions
such as carbonate. Block-staining was carried out in
a dilute solution of lead and copper citrate [9] and
postfixation was done with a 1% solution of osmium
tetroxide buffered with barbital acetate (0.1 M) at a
pH of 7. Cacodylate buffer can be used but not the
phosphate buffer because of possible precipitate
formation. Postfixation lasted at least 1 hour at 22 to
23° C or overnight at 4° C. Finally, the pieces of
tissue were washed again in freshly distilled water
before dehydrating and embedding them. Embed-
ding was done in epoxy resin (Epon 812). It must be
noted, however, that the polymerization time has
been shortened to obtain resin sublimation in the
electron beam: this procedure allows a clearer ob-
servation.
Sections 0.5- to 1.0-pm thick were cut on the
LKB Ultrotome II and collected on grids previously
dipped into a chloroform solution of 1% Formvar to
ensure a better adhesion of the sections. These sec-
tions were examined with a Philips-300 electron mi-
croscope at 80 or 100 kV. An annular diaphragm of
10 m in diameter was interposed in the electron
beam.
Results
In 0.3- to 0,5-gm sections (three to five times the
usual thickness), mitochondria of the proximal tu-
bules appeared, as in thin sections, elongated with
their cristae oriented perpendicularly to their long
axis. They were aligned along the infoldings of the
basolateral membranes (Figs. 1 to 3). When sec-
tions of 0.05-pm thick were made from the same
block, mitochondria still had the classical aspect
when stained with our technique. In thick sections,
however, many mitochondria appeared to be longer
than previously believed. Branching was evident,
and many lateral connections were seen. The thick-
section technique permited three-dimensional view-
ing of these organelles because the block-staining
revealed in its entirety the chondriome seen in a
particular cell volume. In cells of both proximal
(Figs. I to 3) and distal tubules (Figs. 4 to 6), mito-
chondrial convolutions were observed to extend in-
terdigitations into the cytoplasm in various direc-
tions.
More definite proof of the extensive anastomosis
between mitochondria was obtained from stereo-
scopic examination of the same section of a seg-
ment of the nephron. This stereoscopic examination
with the tilting device of the Philips-300 was abso-
lutely necessary to differentiate between con-
nections and overlaps in organelles. Figure 7 illus-
trates the effect of tilting from +6° (Fig. 7A) to —6°
(Fig. 7B) on the image of adjacent but separated
mitochondria. The aspect of the chondriome varies
with the angle of observation, as illustrated in the
three-dimensional schematic view (Fig. 8, a to c).
To obtain additional views of the mitochondrial ex-
pansions, we first examined and photographed a
cross-section of a tubule (Fig. 9A) and the whole
grid with the tissue reembedded at 90° angle. New
serial sections were made (Fig. 9B). This maneuver
allowed us to see whether apparently separated
mitochondria were linked, and it further demon-
strated the three-dimensional structure of the mito-
chondrion. The thick-section technique, first used
by Sjöstrand [13], appeared to be even more suit-
able for serial sections, and it was also used to make
a three-dimensional reconstitution of the whole
chondriome (Fig. 10, A to C). Similarly, Fig. 11
shows various planes of the section that modified
the observation of the chondriome accordingly. Fig-
ures 4 to 6 represent such different section angles.
In the distal convoluted tubule, two distinct
groups of mitochondria could be seen, those of the
lower two thirds of the cell and those of the apical
third. As illustrated in Fig. 4, mitochondria of the
basal part of the cell appeared as fragments of tubes
or parallel laminae. Figure 5 is an oblique view
showing the relationship between these parallel lam-
mae connected to each other by cordons or thick-
er laminae, which appear to be perpendicular to
each other. Figure 6 is a slightly oblique cross-sec-
tion of the cell. The aspect of the chondriome could
Fig. 1. Proximal nephron. On this section (O.3-tm thick), mitochondria of the proximal convoluted tubule cells already show frequent
branching and anastomosis. Because of the number of mitochondria, the section thickness is somewhat limited. In sections thicker than
0.8 sm, the interpretation of the various elements of the chondriome is rather difficult (double lead and copper citrate stain; magnification,
x 19,000).
Fig. 2. Proximal nephron. Note that this section is thicker than Fig. 3. Proximal nephron (about 0.3 iun). Conditions are the
that in Fig. 1 (0.5 sm), yet the cristae are still visible. The brush same as in Fig. I. (Magnification, x 11,800)
border (BB) is slightly stained (magnification, x7,500).
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Fig. 4. A Section of distal tubule perpendicular to the lumen showing, in the infranuclear region, examples of mitochondria undulated
and ramified. Only one part of the chondriome is seen in this plane of section (magnification, x8,050).
B Schema representing the three-dimensional aspect of the same area.
Fig. 5. Oblique section of a distal tubule. The branching of the Fig. 6. Oblique section of a distal tubule showing the same char-
basal mitochondria can be followed by the continuity of cristae acteristics as does Fig. 5. (Magnification, x6,550).
(magnification, XII .000).
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Fig. 7. Effect oftiltingfro,n A +6° to B —6° on the image of adja-
cent mitochondria, Rvhich appear united or superposed in upper
part but are in fact separated (lower panel) as demonstrated by
tilting.
C
ELECTRON BEAN
Fig. 8. illustration of the need for stereomicroscopy to rule out
superposition vs. morphologic communication RR'hen exa,nining
a photograph of a tissue section. a Two geometric figures are
shown superposed on each other. b The same figures are seen at
a 90° angle. c A schema of the tilting device of the electron micro-
scope shows that the section E-F can be examined as in A-B or
C-D with different angles. With the aid of a three-dimensional
viewer, the stereoscopic image can be reconstituted by com-
bining A-B and C-D (lowest part of this schema).
be due to the difference in sections or could also be
a structural difference of the nephron segment. Fig-
ure 12 also illustrates the chondriome in the distal
nephron as an irregular lamina to which are at-
tached cords or pseudopods that extend towards
various cytoplasmic areas. The diameters of these
laminae are similar to the ovoid or bacteria-like
mitochondria of the apical part of the cell. It must
be kept in mind that the infoldings of the basolateral
membranes separate cell expansions belonging to
neighboring cells and that contiguous groups of lam-
mae may belong to two different cells [14—17]. In the
apical part of the cell (Figs. 4, 6, 12A), mitochon-
dna appeared to be ovoid or to have the shape of
cordons that were sometimes connected but more
often separated from each other. In summary, in
the distal convoluted tubule cells, the chondriome
seemed to be made of a few giant mitochondria,
which have the shape of a lamina or a tubule, and
many apical small mitochondria. Cells of the thick
ascending limbs seemed to have the same general
aspect.
Because mitochondria were numerous in the
proximal convoluted tubule, examination of the
chondnome was difficult in thick sections. It was
almost impossible at times to distinguish the or-
ganization of mitochondria and their interrelation-
ship on sections thicker than 0.5 sm. Even at this
thickness, mitochondrial cristae still were seen and
usually were oriented perpendicularly to their long
axis; cristae could still be followed at junction sites.
In the upper half of the cell, many small expansions
or minute fusions were seen. They were the trans-
lation, on a static image, of the chondriome dynam-
ics. Mitochondria extended their extremities to the
basal part of the cell where their ramifications were
seen between the basolateral infoldings (Fig. 3).
These infoldings provided a rigid framework for the
chondrioma, and they would seem to determine the
mitochondrial morphology of the nephron. At the
apex where there was less branching, the mito-
chondria were smaller and isolated. In the third seg-
ment (S3), mitochondria were less numerous and
showed less prominent branching, which made the
examination much easier.
Numerous mitochondria show branching, and it is
easy to follow the anastomoses between mitochon-
dna by making serial sections (Fig. 10) or by tilting
the preparation at various angles (Fig. 13). Figure
14 represents a normal proximal tubule cell in which
the same section was examined after tilting at vari-
ous angles between —30° and +30° (in 10° in-
crements) [18]. What had seemed to be two sepa-
rated mitochondria when viewed from a different
angle will appear to be a single mitochondrion.
ba
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Discussion
Fig. 9. A Cross-section of a tubule that was first examined and
photographed. The tissue sections were not moved from the
grid, which was reembedded in Epon at a 900 angle and polymer-
ized at 600 C. New sections were made. B The mitochondria of
panel A (at about the level of the dotted line). This maneuver al-
lowed us to see whether apparently separated mitochondria are
or are not linked; in this case, the rnitochondria of panel B appear
separated when they are visualized at a 900 angle.
When mitochondria are separated by less than 20
jxm, it is difficult to distinguish continuity from con-
tiguity. Hyperstereoscopic examination with wide
tilting angles is necessary, because of the resolution
power limitation [4, 5].
The first generation of electromicroscopists
aimed at a greater magnification and a better resolu-
tion for discovering the ultrastnictural characteris-
tics of cell organelles, such as mitochondria. This
was achieved to the detriment of the spatial morphol-
ogy of organelles and their interrelationships [11].
Various authors [3-7] have successfully examined
thick sections with high-voltage electron micros-
copy. In our report, it must be stressed that thick
sections were examined at a voltage of 80 to 100 kV
by a standard transmission electron microscope.
The introduction of this technique [9] and other
staining procedures [10—12] should facilitate the
study of interrelationships between cell organelles.
Furthermore, it will serve as a trait d'union between
light and electron microscopic observation.
It is well-established that in a 0.04-xm histologic
section, only the superficial 0.005 to 0.0075 m will
actually pick up the stain, the center being less or
not impregnated. Spatial projections of the organ-
elles are calculated by extrapolation. This limitation
is especially crucial in tridimensional reconstruc-
tion made with ultrathin serial sections. The block-
staining procedure provides a total penetration of
the stain and thus eliminates the interference of sub-
jectively interpreting the relationship between or-
ganelles and possibly their ramifications.
The question arises whether the images observed
correspond to the real organization of the chon-
driome or are indeed created by physicochemical
artefacts. We are confident that this technique does
not introduce a different physicochemical organiza-
tion because in ultrathin sections made from block-
stained tissue, the mitochondria have their classical
rod-shaped aspect. Many organelles once isolated
take on a new configuration; for example, well-or-
Fig. 10. Three successive sections, 0.5-pin thick, of the same distal tubule cell. The chondriome at times resembles lamina from which
digitations are expanding (magnification, x 5,100).
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Fig. 11. Sche,natic vieu of a tube illustrating various planes of
section obtained for the study of an organelle. In the case of the
chondrione, which extends in various directions, the reconstitu-
tion becomes difficult, especially with ultrathin (0.05 sm) sec-
tions. Figures 4 to 6 are illustrations of the three planes.
ganized plasma membranes will fragment into small
vesicles after centrifugation procedures [19—22].
Mitochondria when isolated by fractionation tech-
niques assume small spheric or ovoid structures.
When isolated by this procedure, the mitochondria
stained by our technique also have this very aspect
in thick sections (Fig. 15). The concept of a
ramifying chondriome also agrees with the observa-
tions made a long time ago by various authors who
showed that mitochondria change their configura-
tion and fuse in living cells [23—26]. A similar rela-
tionship between observations made on living cells
(leucocytes, ascite tumor cells) by phase-contrast
microscopy and block-stained sections was noted
also (Thiéry, unpublished data).
Interpretation of the photographs is sometimes
difficult and, as shown in Figs. 7, 8, and 13, stereo-
microscopy is very often necessary to differentiate
with certitude an organelle superposition from a
morphologic communication. It must be stressed
that all schemas presented in this paper were drawn
under stereomicroscopic observation of paired pho-
tographs taken at different angles, such as in Figs.
7, 12, and 13. Also, chromatic aberration, which in-
creases with the thickness of the specimen, will re-
Fig. 12. A Section of a distal convoluted tubule. Two types of mitochondria are seen: corrugated lamina at the base of the cell and isolated
small mitochondria at the apex but also a few at the base (magnification, x9,0l0). B Schema drawn from the two stereoscopic photo-
graphs (angles of +6° and —6°).
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Fig. 13. Proximal conv(,luted tubule cell. This section was examined after various 100 tiltings from 30° to +30°. This type of view makes
it possible to represent the three dimensions as shown on the schematic view. Note that, according to the angle, a fragment of the
mitochondrion will appear either separated or branched: at 00, fragments B and D are separated, whereas A, C and E are connected; at
+30°, B is well excluded, whereas A, C and Dare joined to E; at —30°, D is well excluded, whereas B and C are joined to E (magnifica-
tion, x8,000).
Fig. 14. Mitochondria obtained by ultracentrifugation proce-
dures used by most bioche,nists and stained by our technique.
Isolated mitochondria have the same round shape seen with oth-
er staining methods.
duce the image quality and the resolution power of
the microscope. This limitation may become crucial
when mitochondria are within 10 m of each other;
with sections less than 0.5-j.m thick, the resolution
is adequate [3—6], but there is still a need for stereo-
scopic examination.
By making 80 to 150 consecutive thin sections
(0.06 to 0.75 p.m), Hoffman and Avers gave ultra-
structural evidence for one branched mitochon-
drion per cell in yeast [27], although Grimes, Mah-
icr, and Perlman [28], also using analysis of serial
thin sections (0.06 to 0.09 xm), failed to observe
branching structures in four different yeast strains
and rejected the generalization of the single mito-
chondrion model proposed by the former authors.
More recently, Stevens [29], who also used serial
thin sections and computer-aided reconstruction to
study the chondriome in several strains of yeast un-
der various growth conditions, has also found cvi-
P'.- a
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Fig. 15. Three-dimensional schema of a proximal convoluted tu-
bule of a rat. Multiple branching between mitochondria can be
observed in the lower half of the cell. These extend into the digi-
tations of the basolateral membrane infoldings (not shown in this
schema for simplicity). In general, an elongated mitochondrion is
next to the intercellular plasma membrane and runs from the
base to the apex. For better orientation, we have shown the
basement membrane, as seen with the acid polysaccharide stain-
ing [II]. The total amount of mitochondria was decreased for
simplification.
dence for one giant mitochondrion associated with
small mitochondria. The concept of a unitary chon-
driome having the form of a highly-branched reticu-
lum has been suggested in various unicellular orga-
nisms or individual cells [30—34]. The nebenkern of
insects constitute the best example of fusion of
mitochondria [35, 36]. Such a view was not accept-
ed in mammalian cells although mitochondria were
seen to change their configuration and to possess
ramifications even in ultrathin sections. Complex
mitochondrial forms were recently observed in rat
liver parenchymal cells [37, 38] and in ascites tumor
cells [39], once again with serial reconstruction.
The thick-section technique, by facilitating serial
section study and by allowing stereomicroscopic
observation, will certainly open new horizons in the
in situ of cell organelles and their space relation-
ship.
In cells of both the proximal and distal tubules,
mitochondrial convolutions were observed to ex-
tend interdigitations into the cytoplasm in various
directions. In the apical region of both distal and
Fig. 16. Three-dimensional aspect oft/u' ,nitochondria located at
the base of the distal tubule. The basolateral membrane in-
foldings separate the mitochondria, which, because of the struc-
ture of these infoldings, run parallel to each other and communi-
cate only at the top. Mitochondria of a neighboring cell some-
times intricate (not shown on this schema).
proximal tubules, mitochondria appear to be small,
isolated, and rarely branched, which corresponds to
their classical aspect. The block-staining technique
thus confirms what is generally accepted. At the
basal part of these cells, however, the spatial mor-
phology of the chondriome appears quite different
from the classical description although the chon-
driome still appears well aligned along the cyto-
plasmic membranes. We suggest that the chon-
driome adapts its configuration to the shape of the
membrane itself. If so, this would explain the dif-
ference in appearance between the proximal and
distal tubule chondriome. An analogous difference
also was noted for the perimitochondrial endo-
plasmic reticulum of the proximal and distal neph-
ron [12]. In the distal tubule, the chondriome often
has the appearance of central lamina irregularly cor-
rugated to which are attached cords or pseudopods
that extend towards various cytoplasmic areas. The
extent of branching in the proximal convoluted cells
is more difficult to assess because of the inter-
digitations of neighboring cells [17—20]. Because of
these morphologic characteristics, mitochondria
have an extensive longitudinal shape and follow the
infoldings of the interlocking extensions. Figure 13
is an expression of these digital extensions which
seemingly originate from a centrally located core.
These interdigitations also figure in the schema of
the proximal tubular cell (Figs. 15 and 16).
The possibility of two mitochondrial populations
in the kidney is intriguing. Since we published our
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first observations [9], Stevens has reported that dur-
ing the growth cycle of the yeast Saccharomyces
cerevisiae, the chondriome seems to alternate be-
tween two forms, numerous spherical bodies and a
winding network [29]. Stevens's work suggests a
transformation from a few mitochondria in rapidly
growing cells to a population of numerous small mi-
tochondria in stationary phase culture. Most inter-
esting is the finding of a giant mitochondrion repre-
senting 50 to 100% of the chondriome in ex-
ponentially growing cells and less than 30% in
stationary phase cells. Do the apical small mito-
chondria seen in the mammalian nephron represent
a fragmentation of one or two large mitochondria?
This is unknown and open to speculation.
For over 100 years, the mechanism of mitochon-
drial biogenesis has intrigued biologists, first the cy-
tologists and more recently the biochemists. Three
hypotheses have been advanced to explain mito-
chondrial formation: from other cellular mem-
branes, from de novo synthesis of submicroscopic
elements in the cell, and from preexisting mito-
chondria by growth and division. Roodyn and Wil-
kie [40] have discussed these hypotheses at length
and have retained the last one because of the con-
cordance of chemical and enzymatic properties of
the chondriome. The biochemical studies of Luck
[41] and the radioautographic data of Droz and Ber-
geron [42, 43] agree with the growth-and-division
hypothesis. The existence of a ramifying inter-
connecting cell system, even of two mitochondrial
populations, makes it necessary to consider higher
levels of control and organization with regard to
biogenesis as well as to renal metabolism. Thus,
biogenesis in the chondriome may be more analo-
gous to the growth, differentiation, and modifica-
tion of the endoplasmic reticulum system.
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